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Abstract 
This study aimed to (a) investigate the effect of age and gender on adolescent’s vocal tract 
changes with acoustic reflection technology (ART) and (b) compare vocal tract growth and 
vowel formant frequency changes as a function of growth. A total of ninety five male and 
female adolescents aged between 10 and 18 were recruited and their vocal tract parameters 
were measured using ART. Formant frequencies were obtained and analyzed with Praat. 
Significant age effect was found in vocal tract parameters including oral length, total vocal 
tract length, oral volume, pharyngeal volume and total vocal tract volume. Significant 
gender effect was found in all parameters. In addition, significant age and gender effect 
were also found in formant frequencies. The findings of this study have given insights on 
the developmental trend of human vocal tract in adolescence and have provided speech 
scientists, speech-language pathologists and other health researchers an anatomical database 
of vocal tract variations for Chinese adolescent speakers.  
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Vocal Tract Dimensional Development for Male and Female Adolescent Speakers:   
ART Procedures 
Vocal tract configuration, which was biologically defined as the cavity starting from 
the glottis to the lips, is important to human speech production (Voperian et al., 2005). It 
partly determines the possibilities of articulation or the acoustic quality of speech sounds 
(Titze, 1994). During the developmental course from infancy to adulthood, dramatic 
anatomic variation and morphological growth of the vocal tract structures occurred, which 
was termed as “anatomic restructuring” (Vorperian, Kent, Gentry & Yandell, 1999, p.197). 
This term implied that the developmental rates or patterns of different bony and soft-tissue 
structures in the oral and pharyngeal cavities are varied, and the adult size was reached 
between age 7 and 18 years (Voperian et al., 2005). Also, according to Spiegel, Sataloff and 
Emerich (1997), primary shape of pharynx can be fully grown at around age 9, but vocal 
tract development in length and circumference continues until age 20 or 21. Since 
adolescence largely overlaps the period of puberty, during which the shape and size of many 
body structures and systems undergo major growth spurts, the reorganization in 
supralaryngeal system or the articulatory-resonatory system should be investigated.   
However, previous research on age-related anatomical and physiological changes in 
the supra-glottal system was scarce, especially for teenagers. Even objective and reliable 
measurements could be made by x-ray cephalometry, computed tomography (CT) and 
magnetic resonance imaging (MRI), these devices still had their limitations.  
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For example, Voperian et al. (2005) studied the development of vocal tract length 
during early childhood using magnetic resonance imaging. The authors speculated that the 
growth of all vocal tract structures continues between childhood and adulthood. Besides, 
when they investigated the acoustic-anatomic interdependence of vocal tract, non-linear 
change in vocal tract length and formant frequency was found. They attributed this to a 
more complex reformation rather than simple lengthening process in vocal tract 
development. However, due to the shortcoming of the device, no anatomic measurement in 
shape (area and volume) was made.  
Another preliminary study (Fitch & Giedd, 1999), recruiting 129 normal male and 
female subjects who aged 2-25, revealed that drastic changes in vocal tract morphology 
occurred at puberty (mean age from 10.3 to 17.9 years old), only for males but not females. 
The study also suggested that the evident sex differences in vocal tract length may be “part 
of the vocal remodeling process that occurs during puberty in males” (p.1511). These 
findings added evidence to Lee, Potamianos and Narayanan (1999)’s prediction, stating that 
the divergent decrease in formant values between males and females was explained by the 
vocal tract growth spurt in males. Therefore, the presented data supported the hypothesis 
that critical vocal tract development occurs in adolescence, especially for males. 
Nevertheless, the study was again rudimentary with only vocal tract length and relative 
proportions of the oral and pharyngeal cavity measurements, rather than the more detailed 
volumetric analyses.  
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In order for us to further investigate human vocal tract morphological growth over 
time, especially during the adolescence, and the impact on speech acoustics, acoustic 
reflection technology (ART) (E.Benson Hood Laboratories, 1998) was used in the current 
study to delineate vocal tract configuration of teenagers aged between 10 and 18. This age 
range has covered the whole pubertal period according to the findings in Fitch and Giedd 
(1999). AR pharyngometry, which based on physical principle of sound wave reflection, has 
offered a non-invasive, rapid and practical means to present a 3-dimentional image of 
human oral and pharyngeal lumina (Hatzakis, Karsan, Cook, Schloss & Davis, 2003).  
For instance, Gelardi et al (2007) had proved the use of acoustic pharyngometry in 
diagnosing and measuring the severity of obstructive sleep apnea (OSA), due to its 
efficiency and insignificant biological risk. Its test-retest validity and predictability in 
quantifying pharyngeal airway of OSA patients were also demonstrated (Kamal, 2004; Jung, 
Cho, Grunstein & Yee, 2004). In recent years, the application of AR has been extended to 
measure the nasal and pharyngeal cross-sectional area (Corey, Gungor, Nelson, Liu, & 
Fredberg, 1998; Huang et al., 1998) and it has been developed as a screening and diagnostic 
tool to detect upper airway abnormalities (Huang et al, 2000; Hoffstein & Fredberg, 1991). 
Its accuracy and reproducibility were established in many papers as well (Marshall et. al, 
1993; Kamal, 2000, cited in Viviano, 2002).  
AR technology can be advantageous over magnetic resonance imaging (MRI), x-
rays, or ultrasound for evaluating the geometry of the vocal tract regarding to speech 
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production, as it is quick, simple, safe and cost-effective, without posing any risk of 
radiation exposure. Moreover, unlike MRI and CT measurements, it can depict the 3-D 
structure of vocal tract cavity directly from measurement (Xue & Hao, 2006), while its 
precision was also well validated with CT scan (Min & Jang, 1995) and MRI (Dang, Honda 
& Suzuki, 1994; Corey, Gungor, Nelson, Fredberg & Lai, 1997).  
To date, Xue and Hao (2003) demonstrated significant cross-sectional changes of 
vocal tract as a function of aging for both men and women using acoustic reflection 
technology. However, the study only compared an elderly group (mean age: 71.32) to a 
younger age group (mean age: 21.89), without going into detailed investigation of the age 
factor in vocal tract growth, and in particular adolescence, when major morphological 
growth occurs. And as the authors suggested, more participants and age groups should be 
included, so as to draw a complete picture of the human vocal tract configuration variation 
as a function of aging. A similar pilot study (Xue, Jiang, Lin, Glassenberg & Mueller, 1999) 
compared an old and young group of female subjects, and the authors also agreed that 
pharynx tends to enlarge with increasing age, but the trend in age-related changes was not 
established. In addition, the comparison between males and females in vocal tract growth 
was not made in the study. 
Despite the documented age-related anatomical changes, the above studies (Xue & 
Hao, 2003, Xue et al., 1999) additionally proposed that acoustic variation may be 
contributed by more than one aspects of morphological differences in the speakers’ vocal 
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tract cavities. Comparatively, Xue, Hao and Mayo (2006) postulated that vocal tract 
volumetric parameters could account for the acoustic variance found in speakers from 
different races. The close correspondence between vocal tract morphology and formant 
values was also illustrated in other researches, but most of them focused in vocal tract length 
in spite of volumetric differences (Baer, Gore, Gracco & Nye, 1991, Story, Titze & 
Hoffman, 1996, Sulter et al., 1992). Therefore, investigation on the relationship between 
vocal tract dimension changes and concomitant acoustic changes is needed to give support 
to the above hypothesis.  
The aims of this study were to 1) obtain normative data of vocal tract measurements 
of male and female adolescent speakers from different age groups (10-18) with AR 
technology 2) investigate and establish a trend for the age-related morphological growth in 
normal male and female vocal tract 3) testify the hypothesis that length and volume of vocal 
tract increases with age in adolescence 4) compare vocal tract growth patterns of male and 
female teenagers and 5) provide an acoustic database to investigate the relationship between 
vocal tract changes due to adolescent growth and vowel formant changes. 
Method 
Participants 
A total of ninety-five participants aged between10-18 were recruited from three local 
secondary and primary schools. They were forty-four males and fifty-three females who 
were grouped into three different age groups (10-12; 13-15; 16-18). The height and weight 
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of all participants were measured and matched to the range of height and weight of the 
corresponding age group of normal children presented in Liang, Xie, Liu & Liang, 1996. A 
summary of the means, range and standard deviations of the age, height and weight of all 
three groups for both males and females was presented in Table 1. Participants were 
required to fill in a questionnaire (Appendix A) and were excluded if they have reported 
presence of (a) speech, language, voice or hearing disorders (b) any neurological and 
respiratory system abnormalities (c) cleft lip and/or palate and (d) allergies, sinus problems 
or upper respiratory infections at the time of testing. All participants have passed a pure-
tone screening bilaterally at 30dB (HL) at 0.25, 0.5, 1, 2, 4 and 8kHz due to large 
background noise at the place of testing.   
Table 1. Means, standard deviations and range of age, height and weight of male and female 
participants in three age groups 
 
Age groups 
10 – 12 13 – 15 16 – 18 
 M F M F M F 
 (N=13) (N=18) (N=12) (N=16) (N=19) (N=17) 
Age 
(yrs old) 10.95 10.92 13.99 13.94 16.98 16.95 
SD 0.98 1.16 0.91 0.92 0.80 0.86 
Range 9.50-12.50 9.58-12.58 12.67-15.33 12.75-15.50 15.58-18.25 15.83-18.25 
Height 
(cm) 143.41 148.19 164.50 156.13 170.32 158.41 
SD 7.34 9.97 13.85 5.38 5.91 3.78 
Range 134.0 - 156.0 130.0 – 163.0 134.0 – 177.0 144.5 – 164.0 157.0 – 177.5 151.0 -163.0 
Weight 
(kg) 35.31 38.72 52.52 46.19 61.29 52.0 
SD 6.46 10.08 11.04 9.13 8.81 4.09 
Range 27-45 28-69 33-67 30-57 47-78 45-56 
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Procedures 
Acoustic reflection analysis: Vocal tract dimensions of participants, including oral 
and pharyngeal lumina, were measured using an Eccovision Acoustic Pharyngometer 
(E.Benson Hood Laboratories, Pembroke, MA). The procedures for measuring the vocal 
tract dimensions were based on those used by Xue, Hao and Mayo (2006). The analysis 
principles of the equipment were summarized as the following: The mouth of the participant 
was connected with a wave tube via a mouthpiece. An acoustic wave with a short duration 
was emitted and guided into the wave tube by a generator. This incident pressure wave was 
then directed by the wave tube to pass through the upper airway and received by a 
microphone attached to the tube. At each point of an area discontinuity in the upper airway 
(e.g. oral pharyngeal juncture was marked by uvula and glottal opening was marked as the 
narrower opening between the vocal folds), part of the incident wave was reflected back and 
recorded by the same microphone. A digital computer then sampled and analyzed the 
recorded signals through its analog-to-digital (A/D) interface. Base on the information of the 
amplitude and arrival times of acoustic returns, a curve which the cross-sectional area of the 
vocal tract against the distance from the lips to the glottis was plotted.  
Participants were asked to seat upright in a chair when the wave tube was placed 
properly in their mouths, horizontally parallel to the floor, and held in position by the 
examiner. They were first instructed to mentally imitate the /a/ sound to put the tongue in a 
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relaxed position on the floor of the mouth. They were then asked to maintain mouth-
breathing via a respiratory mouthpiece without any vocalization through the wave tube.  
Four measurements were done for each participant according to manufacture’s 
guidelines. Participants were asked to use nose-breathing in one of the trials to make a 
benchmark for the oral pharyngeal juncture (OPJ), while for the remaining trials, mouth 
breathing was encouraged for vocal tract dimensional quantifications. Next, one of the three 
obtained area-distance curves was selected for analysis based on the following criteria: (1) 
the OPJ of the mouth-breathing curve best matched the OPJ of the nose-breathing curve and 
(2) the curve fluctuated with the smallest magnitude caused by airflow changes. These 
procedures were strictly followed to avoid any measurement variations caused by the oral 
configurations and airflow fluctuations of each subject.  
Two sections, oral and pharyngeal cavity with OPJ as the marking point, were 
divided from each resultant area-distance curves by hand marking. The oral region was 
signaled by the region between the incisors (zero distance) and OPJ, while the pharyngeal 
region extended from OPJ to the glottis opening, which was marked by the narrowest area 
of the curve. Six vocal tract dimensional measurements were acquired for each participant 
(i.e. oral cavity length in centimeters, oral cavity volume in milliliters, pharyngeal cavity 
length in centimeters, pharyngeal cavity volume in milliliters, total vocal tract length in 
centimeters and total vocal tract volume in milliliters). 
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Acoustic analysis: All participants were instructed to sustain phonation of /a/ at their 
comfort levels of pitch and loudness for at least 3 seconds. /a/ was chosen to maximally 
avoid the impact of one’s particular language and/or dialectal influences. The speech sample 
was recorded by a high-quality microphone (Sennheiser PC 131). Next, a 3-sec long steady 
segment from the middle portion of the sample was chosen randomly for analysis using 
Praat (Boersma & Weenink, n.d.). Estimate of formant frequencies was made by the auto-
tracing function of the program.  
Reliability 
 To ensure intra-rater and inter-rater reliability, vocal tract dimensional data and tape- 
recorded speech samples from eight participants (four from each gender) were randomly 
chosen from the three age groups for reanalysis by the same examiner and by a second 
examiner. Pearson r correlations were computed for establishing both intra-rater and inter-
rater reliability. The significance level for the Pearson r correlation tests was set at .05. 
Table 2 showed the results of the reliability testing and included means and Pearson 
correlation coefficients. Significant correlations (p<.01) were obtained for all vocal tract 
parameters and formant frequencies between the two analyses of the randomly selected 
eight participants. 
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Table 2: Inter-rater and intra-rater reliability data of vocal tract dimensions and formant 
frequencies 
 
Statistical Analysis 
 Statistical treatment of the data was carried out with the following three objectives: 
first, to obtain a description of vocal tract dimensions and formant frequencies among 
speakers from different age groups; second, to make a comparison between vocal tract 
dimensions and formant frequencies of the male speakers to those of the female cohorts; 
third, to compare vocal tract measurements and formant frequencies of the speakers in 
various age groups. Two-way Factorial ANOVA tests were performed for each vocal tract 
parameter and formant frequencies with age and gender as the main effects. The 
significance level for the two-way ANOVA test was set at .05. Turkey’s HSD post-hoc test 
Parameters 
Inter-rater  Intra-rater 
Test 1 Test 2 Pearson r Test 1 Test 2 Pearson r 
OL (cm) 8.30 8.43 .85 8.28 8.26 .99 
PL (cm) 8.76 8.56 .89 8.65 8.65 .99 
TL (cm) 17.06 16.99 .95 16.93 16.91 .99 
OV (ml) 39.83 39.95 .95 41.06 41.89 .99 
PV (ml) 20.15 19.98 .97 20.33 20.63 .99 
TV (ml) 59.98 59.35 .94 61.39 62.52 .99 
F1 for /a/ 824.61 821.66 .99 885.00 886.82 .99 
F2 for /a/ 1509.44 1489.09 .99 1462.62 1466.47 .99 
F3 for /a/ 2995.28 2988.83 .99 2976.42 2974.91 .99 
Abbreviations: OL, Oral Length; PL, Pharyngeal Length; TL, Total Length; OV, Oral 
Volume; PV, Pharyngeal Volume; TV, Total Volume 
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was carried out to depict specific differences of adolescents among the three age clusters. 
The significance level for post-hoc test was set at .05.  
Results 
 Descriptive statistic summary of the means and standard deviations for the six vocal 
tract dimensions (i.e. oral length, pharyngeal length, total vocal tract length, oral volume, 
pharyngeal volume and total vocal tract volume) of male and female speakers in the three 
age groups was listed in Table 3. Two-way ANOVA tests with age and gender as the 
independent variables were applied for each vocal tract parameter. Age was found to be a 
significant variable to oral length, total vocal tract length, oral volume, pharyngeal volume, 
total vocal tract volume as well as the first and second formant frequencies of /a/. Gender 
was also found to be a significant variable for oral length, pharyngeal length, total vocal 
tract length, oral volume, pharyngeal volume, total vocal tract volume, first, second and 
third formant frequencies of /a/. 
Effect of age on vocal tract dimensions 
 Significant differences were found for the three age groups in oral length (F (2, 92) = 
21.99, p<.001) and oral volume (F (2, 92) = 10.53, p<.001) without interaction effect 
between gender and age. Turkey’s HSD post-hoc test was carried out to further investigate 
specific differences of speakers among the three age groups. Results indicated that, 
regardless of gender, group 13-15 (p<.001) and group 16-18 adolescents (p<.01) had 
significantly larger oral length than group 10-12 adolescents, which was the youngest group. 
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Group 13-15 (p<.05) and group 16-18 (p<.001) adolescents were also found to have 
significantly larger oral volume than group 10-12 adolescents. Moreover, teenagers in group 
16-18 seemed to have longer oral length and larger oral volume than their younger cohorts 
aged between 13 and 15, but the differences were not statistically significant.  
 Results for pharyngeal length as dependent variable indicated that the differences in 
the three age groups were not statistically significant. Nevertheless, descriptive statistics 
showed that pharyngeal length tended to increase with age (Table. 4 and 5). On the other 
hand, significant interaction between age and gender was found for pharyngeal volume (F (2, 
92) = 10.06, p<.001). One-way ANOVA test was thus performed to determine if speakers in 
the three age groups differed in pharyngeal volume within each of the gender. Results 
demonstrated that the three age groups had significant differences in pharyngeal volume (F 
(2, 92) = 19.39, p<.001). Post-hoc analysis showed that group 16-18 adolescent speakers 
had significantly larger pharyngeal volume than group 10-12 (p<.001) and group 13-15 
adolescent speakers (p<.001). While the mean of pharyngeal volume of group 13-15 
adolescent speakers (18.64 ml) seemed to be higher than that of group 10-12 adolescent 
speakers (15.70 ml), the difference was not significant.   
 Regarding total vocal tract length and total vocal tract volume, significant difference 
was observed in total vocal length (F (2, 92) = 12.02, p<.001) without interaction. And from 
results of Turkey’s HSD post-hoc analysis, group 13-15 (p<.05) and group 16-18 (p<.001) 
adolescents had significantly longer total vocal tract length than group 10-12 adolescents. 
   Vocal Tract Dimensional Development     15      
Like oral length, a tendency which total vocal tract length increases with age was shown, as 
group 16-18 teenagers also had longer total vocal tract length than group 13-15 teenagers, 
but the results were not significant. Significant interaction (F (2, 92) = 4.35, p<.05) was 
found in total vocal tract volume. One-way ANOVA test was applied and indicated that 
significant discrepancy was found between the three age ranges (F (2, 92) = 20.51, p<.001). 
Turkey’s HSD post-hoc test further suggested that group 16-18 teenagers had significantly 
larger total vocal tract volume than group 13-15 (p<.005) as well as group 10-12 teenagers 
(p<.001). Moreover, group 13-15 teenagers had significantly larger total vocal tract volume 
than teenagers in the youngest age group 10-12 (p<.05).  
Effect of gender on vocal tract dimensions 
 Two-way Factorial ANOVA test showed that, for gender differences, male teenagers 
had significantly longer oral length (F (1, 93) = 20.84, p<.001), longer pharyngeal length (F 
(1, 93) = 8.14, p<.01), longer total vocal tract length (F (1, 93) = 21.09, p<.001) and larger 
oral volume (F (1, 93) = 12.34, p=.001) than female teenagers. Since significant interaction 
was found for pharyngeal volume and total vocal tract volume, one-way ANOVA tests were 
applied for comparison between male and female youngsters within each of the three age 
groups. On average, male speakers had significantly larger pharyngeal volume (F (1,93) = 
17.72 ,p<.001) and larger total vocal tract volume (F (1, 93) = 22.02, p<.001) than female 
speakers.  
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Table 3. Means and standard deviations of vocal tract parameters for male and female 
speakers 
Age 
OL(cm)** PL(cm)* TL(cm)** OV(ml)** PV(ml)** TV(ml)** 
M F M F M F M F M F M F 
Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean 
(SD) (SD) (SD) (SD) (SD) (SD) (SD) (SD) (SD) (SD) (SD) (SD) 
10-12 
7.89 7.52 8.09 8.14 15.98 15.66 39.81 36.03 14.87 16.29 54.68 52.33 
(.49) (.53) (1.14) (.91) (1.39) (1.03) (9.08) (6.94) (4.26) (4.24) (11.49) (9.21) 
13-15 
8.83 8.21 8.73 7.79 17.55 16.00 49.16 40.07 21.99 16.14 71.14 56.21 
(.70) (.47) (1.79) (.83) (2.18) (.78) (9.07) (6.90) (8.45) (3.96) (11.98) (8.83) 
16-18 
8.88 8.23 9.19 8.24 18.07 16.47 53.39 44.69 29.14 19.56 82.52 64.25 
(.69) (.52) (.91) (.56) (1.02) (.75) (13.73) (10.54) (5.55) (2.85) (14.14) (11.25) 
** Statistical significance was found for both age and gender. 
* Statistical significance was found for gender.  
 
Effect of age and gender on formant frequencies of /a/ 
 Table 4 showed the group means and standard deviations of the first 3 formant 
frequencies (in Hz) of the vowel /a/ of male and female adolescent speakers in the three age 
groups. Similarly, two-way ANOVA tests with age and gender as independent variables and 
the first three formant frequencies as dependent variables were computed. Among speakers 
from the three age groups, significant differences were found in F1 (/a/ F(2, 92) = 4.65, 
p<.05) and F2 (/a/ (F (2, 92) = 8.81, p<.001) without significant interaction effect. Turkey’s 
post-hoc tests results showed that group 16-18 adolescent speakers had significantly lower 
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F1 than group 10-12 speakers (p=0.001). Although descriptive statistics showed that group 
16-18 had lower F1 than group 10-12 and group 13-15 had lower F1 than group 10-12, the 
differences were not statistically significant. On the other hand, group 10-12 speakers had 
significantly higher F2 than both group 13-15 (p<.05) and group 16-18 speakers (p<.001). 
With reference to the descriptive statistics, a similar trend was found for F2, which 
adolescents in group 10-12 had the highest F2 and adolescents in group 16-18 had the 
lowest F2. Investigating the effect of gender, male speakers had significantly lower F1 (/a/ F 
(1, 93) = 60.72, p<.001), F2 (/a/ F(1, 93) = 31.89, p<.001) and F3 (/a/ F(1, 93) = 4.76, p<.05) 
than their female counterparts. The effects of age and gender for F1 and F2 were clearly 
shown in Fig. 1.  
Table 4. Means and standard deviations of the first three formant frequencies (Hz) for male 
and female speakers 
Age 
F1 /a/ ** F2 /a/ ** F3 /a/ * 
M F M F M F 
Mean Mean Mean Mean Mean Mean 
(SD) (SD) (SD) (SD) (SD) (SD) 
10-12 
855.35 983.63 1496.89 1637.48 2887.18 2978.43 
(97.65) (116.37) (144.70) (184.41) (247.78) (443.21) 
13-15 
767.65 957.77 1331.42 1549.53 2854.66 2980.63 
(125.25) (86.69) (202.28) (188.10) (258.96) (395.26) 
16-18 
734.46 943.61 1278.00 1513.89 2849.64 3063.63 
(133.99) (76.47) (130.46) (157.73) (156.50) (287.06) 
** Statistical significance was found for both age and gender. 
* Statistical significance was found for gender.  
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Fig 1. Mean formant frequencies of male and female adolescent speakers in three age 
groups  
 
Discussion 
 
 Four major findings were demonstrated in this study. Firstly, vocal tract length and 
volume increased substantially as a function of aging during adolescence. As shown in the 
results of the statistical tests, age had a significant effect on all vocal tract parameters except 
pharyngeal length. The results of this study were consistent with the findings from those of 
Fitch and Giedd (1999). In that study, vocal tract length differed significantly between all 
three pubertal categories, which included adolescents aged between 10.3 and 17.9 years old. 
However, due to the limitations of magnetic resonance imaging, no comparison was made 
for vocal tract volume. Therefore, this study provided evidence to show that age not only 
had effect on vocal tract growth in length, but also in volumetric dimension.  
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 The age effect on vocal tract dimensions was also demonstrated in Xue and Hao’s 
study (2003), which both men and women experienced significant oral lengthening and 
significant enlargement in their oral volume and total vocal tract volume as a function of 
aging. And for adolescence, despite oral volume and total volume changes, both male and 
female speakers in this study also had significant pharyngeal volume expansion as well as 
total vocal tract lengthening. This might imply that the growth pattern is more complex and 
the developmental rate of vocal tract is higher during adolescence than in later adulthood. 
Interestingly, when referring to the descriptive statistics of Xue and Hao’s study (2003), 
mean pharyngeal length decreased with increasing age. Thus, it might be possible that 
pharyngeal length increases during adolescence, but will decrease when people gets older 
after the adolescent stage. However, race differences might occur when making such 
comparison, therefore, further research is needed on investigating the differences in vocal 
tract length of Cantonese speakers between the young and the elderly before drawing such 
conclusion. In summary, a trend of increasing vocal tract length and volume as a function of 
aging was depicted in adolescence, even for insignificant increase in pharyngeal length.  
 Secondly, different sections of vocal tract may have inconsistent and non-linear 
patterns of age related changes. Moreover, non-linear growth of different sections seemed to 
occur in different period of teenage years. With reference to the results in statistical tests, 
significant oral lengthening was found as speakers age, while such lengthening in 
pharyngeal cavity was insignificant. Therefore, adolescents seemed to experience a 
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disproportionately larger change in oral length. On the other hand, for volumetric 
measurements, both oral cavity and pharyngeal cavity experienced a significant increase in 
volume. This indicated that oral cavity seemed to grow in both length and volumetric 
dimension, but pharyngeal cavity seemed to experience significant increase in volume only.   
And from post-hoc analysis, group 13-15 and group 16-18 teenagers had significantly 
longer oral length and larger oral volume than the youngest group of teenagers, but the 
difference between group 13-15 and 16-18 was not statistically significant. This seemed to 
support that larger growth in oral cavity might occur for youngsters between the ages of 
thirteen to fifteen, and the development tended to slow down between the ages of sixteen 
and eighteen. For pharyngeal cavity, expansion of volume seemed to occur in later stage of 
adolescence, i.e. between the ages of sixteen and eighteen, as post-hoc analysis showed that 
significant change in pharyngeal volume was observed between group 10-12 and group 16-
18 and between group 13-15 and group 16-18 as well.  
 Thirdly, male and female adolescents were observed to follow similar patterns in 
vocal tract development, but generally males showed a greater magnitude of change than 
females. Referring to Table 2, both males and females demonstrated a general trend of 
increase in length and volume of vocal tract as a function of aging. Moreover, comparing 
the percentage change in various vocal tract parameters of males and females (Fig. 2), it was 
shown that males experienced a more noticeable growth than females during adolescence.  
Particularly, apparent increase in pharyngeal volume for males was observed. This was 
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intriguing because the increase in pharyngeal length was not significant, thus indicating that 
there might be a disproportionate increase in cross sectional area of pharynx. However, the 
data presented here was preliminary and further research is suggested in order to provide an 
explanation for this remarkable increase.  
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Fig 2. Total percentage change in vocal tract parameters of male and female adolescent 
speakers 
 Fig. 3 and 4 clearly demonstrated the growth difference between male and female 
adolescents. And comparing Fig 3 and 4, male adolescent speakers even had a more 
prominent increase in vocal tract volume than the female cohorts. A possible explanation of 
this discrepancy is that male adolescents experienced a more significant growth in height 
and weight than female adolescents during adolescence. As in the current study, male 
teenagers underwent an average 18.8% increase in height and 73.6% increase in weight. 
And for females, the increase in height and weight were 6.9% and 34.3% respectively. The 
close relationship between vocal tract lengths and height and weight of speakers were also 
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demonstrated by Titze (1994) (as cited in Xue & Hao, 2006). Thus, the disproportionate 
change in vocal tract parameters between young men and women were possibly caused by 
the different rate of growth in height and weight. On the other hand, Fitch and Giedd (1999) 
had similar findings that more evident vocal tract growth was observed in males at puberty. 
They further suggested that this might be the result of a ‘second descent of larynx’ (p. 1519) 
occurring in males during adolescence, as one of the male-specific secondary sexual 
characteristics. Findings in the current study seemed to support this proposal, but this 
secondary descent of larynx not only includes vocal tract elongation, but also vocal tract 
volumetric expansion.  
 
Fig 3. Mean oral length, pharyngeal length and total vocal tract length of male and female 
adolescent speakers in three age groups.  
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Fig 4. Mean oral volume, pharyngeal volume and total vocal tract volume of male and 
female adolescent speakers in three age groups.  
  
 Fourthly, significant differences in formant frequencies were found between 
male and female speakers, which male speakers had lower formant values than female 
speakers in general. Moreover, significant lowering of first and second formant frequencies 
were shown as age increases, this suggested that formant values correlated with vocal tract 
expansion. According to the tube resonator model (Fant, 1966; Nordstrom, 1977; Stevens, 
2000; Titze, 1994, as cited in Xue & Hao, 2003), formant frequencies and vocal tract length 
were inversely related. Therefore, researchers had tried to apply acoustic analysis to predict 
vocal tract growth. One example is Lee, Potamianos and Narayanan (1999). They 
speculated that growth spurt occurred in males between ages 10-15, because formant values 
decreased divergently during this period in their study. Consistent with this study, the 
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current study indicated a more obvious decrease in formant frequency in males than in 
females (Fig. 1). In contrast, both male and female adolescents were found to have 
significant change in vocal tract parameters except pharyngeal length. And in particular, 
male speakers revealed a larger increase in vocal tract length and volume than females, this 
could account for the more obvious change in formant frequency of males.  
 Nevertheless, the acoustic findings of the study also showed that it might be over-
generalized to say that lowering of formant frequency was contributed by only one aspect of 
physiological changes (lengthening of vocal tract) in the speakers’ vocal mechanisms. This 
hypothesis was first postulated in Xue and Hao’s study (2003), in which the formant 
frequency decrease occurred in the elderly group was not explained by a concurrent increase 
in vocal tract length. Therefore, further research will be needed to propose a new model to 
account for the relationship between the cross-sectional dimensions of vocal tract and the 
formant frequencies of speakers. In short, male teenagers had lower formant frequency 
values than female teenagers because they had relatively longer vocal tract length and larger 
vocal tract volume than their female cohorts. Also, as significant age effect was only found 
for F1 and F2 of /a/, vocal tract dimensional changes seemed to be better predictors for first 
and second formant frequencies, but it is beyond the scope of this study to delineate 
comprehensive correlations between physical development and acoustic changes.  
 In conclusion, the findings of this study have demonstrated that (a) age and gender 
had significant effect on the development of vocal tract parameters; (b) the rate of growth of 
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various sections of vocal tract might be different; (c) male and female generally had similar 
growth pattern, but the developmental rate might vary and (d) formant frequency changes 
may be attributed to more than one aspect of physiological variation.  
The current study has provided preliminary normative data of vocal tract 
dimensional development of Cantonese male and female adolescent speakers, which would 
allow health researchers and medical professionals to monitor any change in AR values 
caused by clinical pathologic conditions including physiological abnormalities and/or 
structural damages. For instance, various studies have supported the use of acoustic 
pharyngometry as an objective assessment tool of the upper respiratory airway in patients 
with snoring and obstructive sleep apnea (Kamal, 2004; Jung, Cho, Grunstein & Yee, 2004). 
In turn, this study provided normative data which may help early screening of upper airway 
obstruction in adolescence. Besides, this study has provided speech-language pathologists 
an acoustic database of Cantonese adolescent speakers for future research on the 
relationship between the speakers’ speech resonance changes and the changes in their oral 
and pharyngeal cavities due to developmental growth. Since formant frequencies are related 
to vowel perception, future studies can explore more on perceptual changes caused by vocal 
tract developmental variation and corresponding acoustic changes as well (Baer. et al, 1991; 
Xue & Hao, 2006).  
 However, it is important to note that the number of participants in each group in 
this research was limited, thus reducing its reliability in representing those of the general 
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population. Future studies should attempt to recruit more participants for each group in 
order to have a more reliable cross-sectional study with larger scale, or involving more 
young adults as participants for further delineating the age differences in vocal tract growth, 
particularly vocal tract segmental growth differences.  
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Appendix A 
Questionnaire About Personal Background 
有關青少年聲道結構的發展研究 
參加者個人背景問卷 
 
 
感謝閣下參與是項探討青少年聲道結構的發展及聲音共振的影響研究。在開始進行儀
器測量前，請先完成以下問卷，部分問題可能涉及閣下的私隱，所有資料只作研究用
途，個人資料將絕對保密。完成後請在右下方簽署作實。 
 
第一部分: 請填寫以下資料: 
姓名  
性別  
年齡及出生日期  
身高                 cm 
體重                 kg 
聯絡電話  
 
第二部分: 請在正確的位置填上: 
 是 否 
1) 你是否有任何說話能力的問題?   
2) 你是否有任何聽力問題?   
3) 你是否有任何呼吸系統問題?   
4) 你是否曾經有任何神經受創?   
5) 你是否曾經有兔唇/裂顎或其他面頰骨異常?   
6) 你是否曾經接受面部/口部/顎骨的手術?   
7) 現在，你是否患有傷風/感冒/鼻敏感/上呼吸道感染?   
 
請確認以上資料，並簽署作實。 
 
參加者簽署: __________________________ 
 
日期: __________________________ 
 
研究員專用 
Results of pure tone screening 
 1000 2000 4000 8000 500 250 
Left       
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